1. Introduction {#sec1-sensors-19-05423}
===============

Wildfires are considered a major hazard and environmental problem around the world \[[@B1-sensors-19-05423],[@B2-sensors-19-05423],[@B3-sensors-19-05423]\]. The significant ecological damage of a forest fire is caused by a large amount of greenhouse gases emitted into the atmosphere by the burning biomass \[[@B4-sensors-19-05423]\], the accelerated soil erosion rate, and changes in the physical, chemical, and biological properties of soil \[[@B5-sensors-19-05423],[@B6-sensors-19-05423]\]. In Latin America, forest fires are considered one of the main causes of deforestation and forest degradation \[[@B7-sensors-19-05423]\].

On 3 April 2018, a fire broke out inside the Indio Maiz Biological Reserve, which is part of the Rio San Juan Biosphere Reserve, in the southeast of Nicaragua \[[@B8-sensors-19-05423],[@B9-sensors-19-05423]\]. After days of continuous and arduous work from the local authorities, the fire was extinguished in the afternoon of 13 April (local time) \[[@B10-sensors-19-05423],[@B11-sensors-19-05423]\]. Reports from the national government indicate that a total of 5945 ha was burnt in this event, which is now considered as one of the worst ecological disasters ever seen in the country \[[@B12-sensors-19-05423]\]. Due to the remoteness of the area and lack of accessibility, it is difficult to make estimations of the magnitude and extension of the fire based on in situ data, especially during its initial stages. Therefore, remotely-sensed imagery is highly recommended to visualize and assess the impact of wildfire events. This emphasizes the role of Earth observation satellites (EOSs), which are capable of providing emergency response teams with crucial information, such as burnt areas, ignition points, and movement of the fire rim.

The moderate resolution imaging spectroradiometer (MODIS), the land remote-sensing satellite program (Landsat), and the visible infrared imaging radiometer suite (VIIRS) are some of the most commonly used EOSs for forest fire detection, monitoring, and assessment on a regional and global scale \[[@B13-sensors-19-05423],[@B14-sensors-19-05423],[@B15-sensors-19-05423],[@B16-sensors-19-05423]\]. The variation of spatial and temporal resolutions of EOS sensors is a critical issue for fire detection. Most importantly, the revisit frequency and timing of satellites usually affect the effectiveness of emergency monitoring. A practical workaround is to combine multiple sensors of different spatial and temporal resolutions to produce rapid and reliable estimations regarding the location and extent of wildfires in tropical zones. Reducing the time required to identify wildfire can lead to increased situational awareness, as well as faster decision making by fire control teams \[[@B17-sensors-19-05423]\]; thus reducing the potential negative impact that an outbreak fire could have on areas with high biodiversity and fragile ecosystems (e.g., the Indio Maiz Biological Reserve).

The sea and land surface temperature radiometer (SLSTR) sensor on board of the Sentinel-3A and 3B satellites is the newest addition to the lineup of orbiting spaceborne optical sensors. These satellites were launched by the European Space Agency (ESA) in February 2016 and 8 April 2018, respectively \[[@B18-sensors-19-05423]\]. These twin satellites provide images with 500 m and 1 km spatial resolution over a swath of 1420 km in the visible, infrared, and thermal wavelength, with a temporal resolution of 1 day at the equator \[[@B19-sensors-19-05423],[@B20-sensors-19-05423]\]. The Sentinel-3 SLSTR (S3-SLSTR) sensor possesses dedicated bands for fire detection, and the high temporal and spectral resolution gives it high potential for rapid detection and tracking of forest fires, as well as for the systematic monitoring of the recovery process of burnt areas \[[@B21-sensors-19-05423]\]. In addition, day time monitoring of land surface may be complemented with data acquired during the night time by the visible infrared imaging radiometer day Nightn band (VIIRS-DNB), provided by the National Oceanic and Atmospheric Administration (NOAA). VIRRS-DNB has high sensitivity to low light sources \[[@B22-sensors-19-05423],[@B23-sensors-19-05423]\]. It is capable of detecting biomass burning at night in the visible spectrum \[[@B21-sensors-19-05423],[@B24-sensors-19-05423]\].

For this study, a single forest fire event that took place in the Indio Maiz Biological Reserve, Nicaragua, during 3--13 April 2018, was selected as the study case. The objective of this study is to demonstrate the potential of the S3-SLSTR sensor for active wildfire detection and burnt area estimations over protected forest area and to show the VIIRS-DNB capability of reconstructing the propagation of the fire rim.

To better capture the evolution of the wildfire event in the study area, this research presents a new methodology of day/night monitoring wildfire events by employing optical data from the S3-SLSTR and VIIRS-DNB sensor data record (SDR), which was acquired between 00:00--02:00 AM local time (UTC-6). Spectral indices, such as the normalized difference vegetation index (NDVI), the normalized difference water index (NDWI), and the normalized burn ratio (NBR), were derived to perform image segmentation for estimating burnt areas. Comparisons of burnt area estimated by the MODIS and Sentinel-2 were also made to corroborate the fire-detection capabilities of S3-SLSTR imagery and to have a better evaluation of rapid wildfire response and real-time wildfire detection for the Indio Maiz Biological Reserve wildfire event. In addition, VIIRS-DNB scenes were digitally enhanced to increase the visibility of dim light sources, while preserving detail in brighter areas. With integrating the VIIRS active fire product, a modified fast marching method (FMM) \[[@B25-sensors-19-05423],[@B26-sensors-19-05423]\] was then applied on the nighttime-sensed data to delineate the extension of the active fire. We suggest that the time-series of VIIRS-DNB complements the results obtained from traditional optical sensors to provide daytime and nighttime wildfire tracking capabilities.

2. Study Area and Satellite Data {#sec2-sensors-19-05423}
================================

2.1. Study Area {#sec2dot1-sensors-19-05423}
---------------

The study area was the Indio Maiz Biological Reserve, located in the southeast of the Republic of Nicaragua, Central America ([Figure 1](#sensors-19-05423-f001){ref-type="fig"}). It has an extension of 263,980 ha \[[@B27-sensors-19-05423]\] and it is one of the seven protected areas that conform to the Rio San Juan Biosphere Reserve (1,392,900 ha) \[[@B28-sensors-19-05423]\]. The Indio Maiz Biological Reserve is considered one of the largest and most pristine protected areas in the Central American region, in part thanks to its remote location, difficult accessibility, and low population. This reserve is also part of the Mesoamerican Biological Corridor (MBC), an area of high biodiversity created in the late 1990s with the aim of preserving the biological connectivity and protecting threatened and endangered wildlife \[[@B29-sensors-19-05423],[@B30-sensors-19-05423],[@B31-sensors-19-05423]\]. The forest habitat of the Indio Maiz Biological Reserve possesses abundant biodiversity and is home to endangered and vulnerable bird and mammal species, such as *Harpia harpyjia*, *Ara ambigua*, *Electron carinatum*, and *Tapirus bairdi bairdi* \[[@B29-sensors-19-05423],[@B32-sensors-19-05423],[@B33-sensors-19-05423]\].

The well-conserved ecosystems of the study area are under pressure from development projects and illegal farming activities. Despite its status as a protected area, cattle ranching activities in the reserve have been on the rise: Up to 6.5% of the national farming activity takes place in this area \[[@B34-sensors-19-05423],[@B35-sensors-19-05423]\]. The occurrence of natural or man-induced wildfires are uncommon in the core area of the Indio Maiz Biological Reserve; however, the increasing number of colonists who have settled in the reserve poses a significant threat to the conservation of this area. To slash-and-burn is a common practice among these people, in order to clear the forest land and convert it into more profitable land uses (e.g., agricultural, cattle ranching), thus increasing the risk of human-induced fire outbreak.

2.2. Applied Satellite Imagery {#sec2dot2-sensors-19-05423}
------------------------------

### 2.2.1. MODIS Terra {#sec2dot2dot1-sensors-19-05423}

For this study, the MODIS Terra Surface Reflectance product (MOD09GQ V006) was downloaded from the online Data Pool (<https://ladsweb.modaps.eosdis.nasa.gov/>), courtesy of the National Aeronautics and Space Administration (NASA) Land Processes Distributed Active Archive Center (LP DAAC). Images were acquired for the period between 3--18 April 2018. MOD09GQ products are available over one or two days with a spatial resolution of 250 m across the red (620--670 nm) and near-infrared (841--876 nm) spectral bands \[[@B36-sensors-19-05423]\]. These bands are corrected for the atmospheric effect of gases, aerosols, and Rayleigh scattering. The MODIS data was projected from Sinusoidal projection to Universal Transverse Mercator (UTM) projection WGS84 coordinates.

The normalized difference vegetation index (NDVI) was derived from the red and near-infrared band. Afterward, a composite was created using the red, infrared, and NDVI bands for each of the scenes acquired.

### 2.2.2. Sentinel-2 and Sentinel-3 Optical Imagery {#sec2dot2dot2-sensors-19-05423}

Sentinel-2A and 2B were part of the European Copernicus program. Each satellite was equipped with a multi spectral instrument (MSI) that acquires data from the visible and near-visible spectrum over a swath of 2 km, with a spatial resolution that ranges from 10 to 60 m, depending on the spectral band \[[@B37-sensors-19-05423],[@B38-sensors-19-05423]\]. An image can be acquired by either satellite every 5 days \[[@B39-sensors-19-05423]\]. A total of four images were obtained from the European Space Agency (ESA) Copernicus Open Access Hub (<https://scihub.copernicus.eu/dhus/>) for the period 6--26 April 2018. The scenes were acquired as top-of-atmosphere level 1C images. The red band was resampled using the bilinear interpolation resample method to reach the same spatial resolution as the short-wave infrared (SWIR) bands. The images were then re-projected to projected coordinates, UTM Zone 16 N, WGS84.

The Sentinel-3A satellite was launched on 16 February 2016 \[[@B40-sensors-19-05423]\] as the newest element of the Copernicus program. Two of the payloads it carried were the ocean and land colour instrument (OLCI) and the sea and land surface temperature radiometer (SLSTR) \[[@B41-sensors-19-05423]\]. The latter sensor includes visible (VIS) to thermal infrared (TIR) channels that provide radiance measurements suitable for active fire detection at a resolution of 500 m (VIS, SWIR) and 1 km (TIR) \[[@B42-sensors-19-05423],[@B43-sensors-19-05423],[@B44-sensors-19-05423]\].

Sentinel-3A SLSTR data was downloaded as the level-1 radiance and brightness temperature (SL_1\_RBT) from the Copernicus Online Data Access (CODE; <https://coda.eumetsat.int/#/home>), corresponding to the period 4--23 April 2018. The data was preprocessed using the SNAP Sentinel-3 toolbox (<https://coda.eumetsat.int/#/home>): The images were projected to UTM WGS 84 and the radiance was converted to top-of-atmosphere reflectance. A composite of the bands with 500 m spatial resolution was created and applied in this study.

[Table 1](#sensors-19-05423-t001){ref-type="table"} summarizes the availability of scenes from a MODIS, a Sentinel MSI, and a SLSTR during the duration of the wildfire at the Indio Maiz Biological Reserve. The cloud coverage condition over the study site is also an important issue in the analysis. When clouds covered the affected zone and led to an unsuccessful burnt area estimation (see next section), the image was labeled as "available but contaminated", as shown in [Table 1](#sensors-19-05423-t001){ref-type="table"}. Moreover, we also included the first cloud-free post-event imagery in the burnt area estimation for each sensor: 18 April, 23 April, and 26 April for the MODIS-Terra, S2-MSI, and S3-SLSTR, respectively.

### 2.2.3. VIIRS Day Night Band {#sec2dot2dot3-sensors-19-05423}

VIIRS incorporates the radiometric accuracy of the advanced very high resolution radiometer (AVHRR), along with improved spectral and spatial resolution. VIIRS includes 22 spectral bands. The 17th moderate resolution day night band is a broad (0.5--0.9 μm) band, which can be used to collect nighttime visible/near-IR image data at a resolution of 0.75 km across the entire scan width. VIIRS-DNB sensor data record (SDR) files from 3--14 April 2018 were used to create a time-series of the fire event and analyze the spread of the fire ring. This dataset was provided by the National Oceanic and Atmospheric Administration (NOAA), through its comprehensive large array-data stewardship system (CLASS) website (<https://www.class.ngdc.noaa.gov/saa/products/catSearch>). Multiple DNB bands are available for each day at different sensing times. The DNBs selected for this study were acquired between 06:00--08:00 Universal Time Coordinated (UTC) time, corresponding to 00:00--02:00 in local time.

3. Wildfire Monitoring {#sec3-sensors-19-05423}
======================

3.1. Burnt Area Estimation {#sec3dot1-sensors-19-05423}
--------------------------

As depicted in [Figure 2](#sensors-19-05423-f002){ref-type="fig"}, after preprocessing the acquired images, the following step was to derive spectral indices commonly used to identify burnt areas in satellite images. Since Sentinel-2 MSI and Sentinel-3 SLSTR imagery possess visible and infrared bands with similar bandwidth, we calculated the normalized difference vegetation index (NDVI) \[[@B45-sensors-19-05423],[@B46-sensors-19-05423]\], normalized difference water index (NDWI) \[[@B47-sensors-19-05423],[@B48-sensors-19-05423]\], and normalized burn ratio (NBR) \[[@B49-sensors-19-05423],[@B50-sensors-19-05423]\] for each scene of Sentinel-2 and Sentinel-3 ([Table 2](#sensors-19-05423-t002){ref-type="table"}).

The next step was to create a composite with the red, near infrared (NIR), shortwave infrared (SWIR), and SWIR 2 bands, along with the spectral indices, and perform the segmentation of each scene using the eCognition Developer \[[@B51-sensors-19-05423]\]. In the case of the MODIS, the composite was created using the red and NIR bands, plus NDVI. The segmentation of the images allows us to aggregate pixels with similar spectral characteristics into objects that are easier to analyze and interpret than individual pixels \[[@B52-sensors-19-05423],[@B53-sensors-19-05423]\]. The segmentation parameters had to be adjusted for each satellite product due to their different spatial resolutions, as shown in [Table 3](#sensors-19-05423-t003){ref-type="table"}.

After segmentation, the objects near the reported fire site were visually interpreted and merged into larger objects and labeled as a burnt area. The fire scar detected in all the scenes for each dataset were then merged to obtain a total accumulated burnt area. The burnt areas which could not be successfully estimated by images with cloud contamination (see [Table 2](#sensors-19-05423-t002){ref-type="table"}) were excluded, and cloud-free images after the fire event were also analyzed to assure the completeness of the burnt area estimation.

Finally, the different burnt areas calculated from the MODIS, Sentinel-2, and Sentinel-3 were compared to one another and to the official burnt area reported by local authorities to assess the feasibility of Sentinel-3 SLSTR data for the burnt area estimation.

3.2. Validation with Active Fire Data {#sec3dot2-sensors-19-05423}
-------------------------------------

The mapped burnt scars were validated using the MODIS (MCD14DL) and VIIRS (VNP14IMGTDL_NRT) active fire products acquired from the Fire Information for Resource Management System (FIRMS) website (<https://earthdata.nasa.gov/earth-observation-data/near-real-time/firms/active-fire-data>), for the period 3--11 April 2018.

MODIS MCD14DL products are generated by applying thresholds in the middle and thermal infrared bands \[[@B54-sensors-19-05423]\] yielding 1 km detections. Similarly, the VIIRS fire detection products are created using aforementioned bands, but iprovide data at a finer resolution (350 m), improving the detection of active fire over smaller areas \[[@B55-sensors-19-05423],[@B56-sensors-19-05423]\].

3.3. VIIRS-DNB Fire Spot Delineation {#sec3dot3-sensors-19-05423}
------------------------------------

To track the nighttime wildfire dynamics, VIIRS-DNB scenes were digitally enhanced to increase the visibility of dim light sources. The VIIRS active fire product and a modified fast marching method (FMM) \[[@B25-sensors-19-05423],[@B26-sensors-19-05423]\] were then integrated and applied for delineating the extension of the active fire. Because the VIIRS-DNB possesses a dynamic range of approximately 7 orders of magnitude \[[@B57-sensors-19-05423]\], a square root stretch was applied to the data in order to normalize the values so that dim light sources could become visible without losing detail in brighter areas. The implementation of the image enhancement went according to the following procedure:where *E*~i,j~ represents each pixel in the enhanced image; *DNB*~i,j~ is the pixel from the geometrically corrected DNB; *a* is an offset to mitigate the presence of small sporadic negative values in the original dataset; and *b* is a coefficient to fit the data into a 16-bit depth image. Any pixel whose value was higher than 65,535 (2^16^ − 1) was set to 65,535, since this is the maximum value that can be stored in a 16-bit image.

Once the images were enhanced, we proceeded to detect the boundary of the area affected by the wildfire. The fast marching method (FMM) is a simple and computationally efficient numerical method used for solving boundary problems, such as the motion of a propagating front. Previously, this method has been applied to numerous fields, such as road extraction from satellite imagery \[[@B58-sensors-19-05423]\], path planning \[[@B59-sensors-19-05423],[@B60-sensors-19-05423]\], and medical image segmentation \[[@B61-sensors-19-05423]\]. In this work, we treated the active fire visible in the DNB as a region with a defined boundary, and, by setting a seed point inside the area, FMM could segment the image and label each pixel as inside or outside the object based on a set threshold \[[@B62-sensors-19-05423]\]. In this case, the VIIRS active fire product is an ideal seed point to initiate the segmentation, given the fact that this dataset represents the location of hotspots with high thermal output. Depending on the extent of the wildfire event, multiple points may be available for the same date. In such scenarios, we selected the points with the highest fire radiative power (FRP).

4. Results {#sec4-sensors-19-05423}
==========

4.1. Burnt Area Estimation and Forest Fire Tracking {#sec4dot1-sensors-19-05423}
---------------------------------------------------

[Figure 3](#sensors-19-05423-f003){ref-type="fig"} displays the total accumulated burnt area derived from the MODIS and the optical Sentinel satellites, as well as the spatial coherence with the MODIS active fire products. The total accumulated burnt area estimations are shown in [Table 4](#sensors-19-05423-t004){ref-type="table"}. In general, the MODIS-derived burnt area was the smallest, whereas S3-SLSTR yielded the highest estimation. The differences in the total burnt area values among the three datasets are mainly due to the cloud cover issue and different spatial resolution.

Through aerial image analysis, the national authorities of Nicaragua reported a total burnt area of 5945 ha, affecting the Indio Maiz Biological Reserve and the Rio San Juan Wildlife Refuge \[[@B63-sensors-19-05423]\]. The reported area is greater than the estimated value from MODIS-Terra, S2-MSI, and S3-SLSTR. The mapping accuracy of the burnt area distribution was not assessed because the ground truth data is not available. However, the results indicate that the burnt area mapped by S3-SLSTR is generally consistent with MODIS-Terra and S2-MSI ([Figure 3](#sensors-19-05423-f003){ref-type="fig"}); therefore, it is possible to use this new dataset to produce close estimations of forest areas affected by the fire with a high temporal resolution, even in cases where the burning area is confined to a small zone.

The maps derived from S2-MSI and S3-SLSTR show an area coherence of 78%, and the total combined burnt area detected by both satellites was 6198.4 ha. The coherence obtained within this study was higher than that reported in the previous work by Verheggen et al \[[@B64-sensors-19-05423]\]. The authors derived burnt area maps for the Congo Basin forest for the period of November 2015 to May 2016, using Sentinel-1 and Sentinel-2 imagery. They reported a total of 36,247 ha affected by fire, with a spatial coherence of 68% for the two datasets. Compared to the combination of optical and synthetic aperture radar (SAR) data, Sentinel-2 and Sentinel-3 complementary application provides another benefit: Faster and considerably less complex processing that needs to be carried out to analyze the data, which is of critical importance for fast response teams during emergency events.

The VIIRS active fire product corresponding to 3--14 April is also shown in [Figure 4](#sensors-19-05423-f004){ref-type="fig"}. The high spatial correlation between this product and the S3-SLSRT-derived burnt area confirms the usefulness of S3-SLSTR for wildfire monitoring. Color coding is used in [Figure 4](#sensors-19-05423-f004){ref-type="fig"} to highlight the origin and expansion of the burn-scar from 4 to 23 April, as detected on S3-SLSRT imagery.

For the application of multi-sensors in this study, Sentinel-2 and MODIS-Terra had the same overpass time (10:30 AM), whereas Sentinel-3 flew over the center scene at 10:00 AM local time. Although the difference in acquisition time between MODIS-Terra and Sentinel-3 is limited, considering the cloud conditions over a site could possibly vary significantly in short periods of time, we suggest that the use of S3-SLSRT data in conjunction with other datasets is still able to increase the possibility of acquiring useful data for active fire monitoring.

4.2. VIIRS-DNB Active Fire Time Series {#sec4dot2-sensors-19-05423}
--------------------------------------

The broad dynamic range of the original VIIRS-DNB implicates that the difference between sources of dim light and bright areas can be several orders of magnitude. As a result, small-scale wildfires may not be clearly appreciated in the imagery (see [Figure 5](#sensors-19-05423-f005){ref-type="fig"}a), unless it is enhanced.

Our image enhancement results clearly show improvement of the visibility of the active fire compared to the original dataset. The square root stretch was able to increase the intensity of dim areas while improving the visibility of background features ([Figure 5](#sensors-19-05423-f005){ref-type="fig"}b). We also show the spatial coherence between the bright spot visible in the DNB and the VIIRS active fire product for the same date, indicating that such areas correspond to an ongoing wildfire. Furthermore, by using the FMM segmentation, it was possible to estimate the extent of the active fire in the DNB imagery, as shown in [Figure 5](#sensors-19-05423-f005){ref-type="fig"}c.

We replicated this process in all available DNB scenes available where the wildfire was visible. The detection of the active fire and its expansion is shown as a chronoseries in [Figure 6](#sensors-19-05423-f006){ref-type="fig"}, from its onset until its containment.

In [Figure 6](#sensors-19-05423-f006){ref-type="fig"}, the fire is first visible on the image acquired on 4 April ([Figure 6](#sensors-19-05423-f006){ref-type="fig"}b), at 00:37 local time, more than 7 h after the fire started. At first, the fire spread in the westward direction ([Figure 6](#sensors-19-05423-f006){ref-type="fig"}c), and then it continued its advance to the north ([Figure 6](#sensors-19-05423-f006){ref-type="fig"}d). In subsequent images ([Figure 6](#sensors-19-05423-f006){ref-type="fig"}e,f), it can be perceived that the two fire rims formed when the main fire rim had a north trajectory and a smaller fire rim spread in the south. Furthermore, in [Figure 6](#sensors-19-05423-f006){ref-type="fig"}g,h, it is appreciable how the fire reduced its intensity because of the intervention of the emergency response teams. According to the national authorities, a rain event on 12 April that took place in the area helped suffocate the remaining active fire. In [Figure 6](#sensors-19-05423-f006){ref-type="fig"}i, no active fire or smoldering zones were detected by the VIIRS-DNB.

This sequence of images confirms the applicability of the VIIRS-DNB in an emergency situation, such as monitoring, managing, and analyzing on-going wildfire events. Besides detecting active burning biomass, it is also able to observe the smoke plume, usually undetected by thermal sensors, caused by the wildfire in some of the scenes ([Figure 6](#sensors-19-05423-f006){ref-type="fig"}c,f). This information is extremely critical to forecast possible wind shifts or circulations triggered by the fire \[[@B24-sensors-19-05423]\], thus helping to increase the security of the emergency response teams.

5. Discussion {#sec5-sensors-19-05423}
=============

5.1. Applicability of Sentinel-3-SLSTR for Wildfire Monitoring {#sec5dot1-sensors-19-05423}
--------------------------------------------------------------

By combining the Sentinel-3 NIR, SWIR, and SWIR-2 bands, it is possible to create a false-color composite capable of penetrating atmospheric particles, smoke, and haze. In addition, the use of the shortwave infrared bands makes it possible to detect areas with high heat output, such as active fires. [Figure 7](#sensors-19-05423-f007){ref-type="fig"} shows the atmospheric penetration composite for S2-MSI and S3-SLSRT while the wildfire was still active.

A side-by-side comparison ([Figure 7](#sensors-19-05423-f007){ref-type="fig"}) confirms that due to the similar radiometric resolution, imagery from the S3-SLSTR is capable of identifying zones with active fire. This information is crucial for emergency response teams, even more so if the fire is detected in its early stages, to estimate and evaluate the future spread of a wildfire, in order to design fast-response and evacuation plans of nearby communities if necessary.

Moreover, the Sentinel-3 SLSTR also has the capability of detecting the burn scars by combining bands 6,3,2 (SWIR, NIR, and Red), as seen in [Figure 6](#sensors-19-05423-f006){ref-type="fig"}. In these images, the recent burn areas appear in a brown tone. This estimation is possible because of the lasting spectral signal emitted by the charcoal residue. The information that can be obtained from S3-SLSTR could be used to evaluate the environmental and economic damage produced by the wildfire and estimate the recovery of burnt areas.

Although the coarse resolution of S3-SLSTR can be considered a limitation when analyzing fire events with small extension, its high temporal resolution makes it suitable to track and keep record of areas affected by wildfires. In order to make a substantial improvement in fire-fighting decision making, a high frequency of observation is needed \[[@B17-sensors-19-05423]\].

S3-SLSTR data represents another tool that emergency response teams can utilize, as well as another source of information for post-event delineation and monitoring of burn areas. This after-event analysis, combined with meteorological data, can provide some insight into the wildfire spread dynamics and improve wildfire prediction and prevention efforts. Cloud cover is still a considerable issue for delivering accurate data on forest fire events, a fact that highlights the benefits of having an additional spaceborne sensor capable of monitoring such hazards.

In [Figure 8](#sensors-19-05423-f008){ref-type="fig"}, the evolution of the burn scar obtained from the SLSTR data is similar to what was detected in the VIIRS DNB analysis ([Figure 6](#sensors-19-05423-f006){ref-type="fig"}); after the fire started it propagated toward the west. The presence of the Atlantic Ocean east of the fire ignition point served as a natural barrier, limiting the direction to which the fire could spread. By 8 April, most of the burnt area was located in the northwest direction from where it had originated; however, the scenes acquired on 12 April and 23 April reveal that zones south of the origin had also been affected by this wildfire.

5.2. Forest Types Affected by the Wildfire Event {#sec5dot2-sensors-19-05423}
------------------------------------------------

The superposition of the remotely sensed burnt area over the forest map of 2015 reveals the main forest types affected by this event. [Figure 9](#sensors-19-05423-f009){ref-type="fig"} shows that 73% of the burnt area belongs to a palm tree forest, followed by 20.4% of a broadleaf forest. Field investigation by the national authorities confirmed that in the aforementioned area, there is an abundance of one specific type of palm tree: yolillal (*Raphia taedigera*). Yolillal palm trees are native to the Americas and they are commonly present in the coastal ecosystem of the Nicaraguan Caribbean \[[@B32-sensors-19-05423],[@B65-sensors-19-05423]\]. They are a food source for different animal species, and they also help regulate the water level in low elevation zones. More importantly, *Raphia taedigera* has a high content of oil, meaning that fire is easily and rapidly propagated in this type of forest. [Figure 9](#sensors-19-05423-f009){ref-type="fig"} shows that the propagation of the blaze was almost constrained to areas covered by the palm tree forest. In this event, the fire relief efforts carried out by the authorities prevented the fire from continuing its path in the south direction, where a larger area of palm trees would have been affected.

Thanks to their deep roots, *Raphia taedigera* can regenerate rapidly as long as there is no intervention in the area. The use of S3-SLSTR data to monitor the recovery of the ecosystem in this zone could be also expected. Moreover, given the similarity in terms of the spatial, temporal, and spectral resolution between the MODIS and Sentinel-3 SLSTR, the latter may have other potential uses in the forestry field beyond wildfire monitoring, such as deforestation assessment, plague propagation in forested areas, and biomass estimation among others \[[@B66-sensors-19-05423],[@B67-sensors-19-05423],[@B68-sensors-19-05423]\].

It is important to mention that the wildfire event focused in this study created a relatively isolated and small burn scar in comparison to other major wildfires that frequently take place in other parts of the world (i.e., California). The scale and diversity of affected vegetation and landscape are also relatively limited in this study case. Therefore, the proposed detection and monitoring techniques should be examined when testing other wildfire events with different scales, magnitude, and patterns.

6. Conclusions {#sec6-sensors-19-05423}
==============

This study corroborates the applicability of Sentinel-3 SLSTR data to detect and monitor the occurrence of wildfires in a tropical forest in the Indio Maiz Biological Reserve, Nicaragua, and to generate burnt area estimations with a high temporal resolution. The burnt area estimation was conducted by image segmentation using the normalized difference vegetation index (NDVI), the normalized difference water index (NDWI), and the normalized burn ratio (NBR). The analysis of SLSTR data reveals that 5870.7 ha of forest was affected during the wildfire event that took place in the study area in April 2018. This estimation is close to the 5945 ha reported by the local authorities. However, the uncertainty of the burnt area estimation can be attributed to image availability, the effect of cloud contamination in each scene, and limitation due to image resolution.

This study shows the Sentinel-3 SLSTR capability of generating fire-monitoring optimized images within 2--3 days, and it is complementarity with VIIRS-DNB data for daytime and nighttime active fire monitoring. The nighttime fire expansion was delineated and tracked using a modified fast marching method. Because the studied burnt area is relatively isolated and small, the scale and diversity of the affected vegetation and landscape are also limited. Therefore, we suggest the proposed detection and monitoring techniques should be further examined when testing other wildfire events with different scales, magnitude, and patterns.
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![Workflow for wildfire detection and monitoring in the Indio Maiz Biological Reserve. Sentinel-3 sea and land surface temperature radiometer (S3-SLSTR); multi spectral instrument (MSI); moderate resolution imaging spectroradiometer (MODIS); visible infrared imaging radiometer suite day night band (VIIRS-DNB); normalized difference vegetation index (NDVI); normalized burn ratio (NBR); normalized difference water index (NDWI); fast marching method (FMM).](sensors-19-05423-g002){#sensors-19-05423-f002}

![Distribution of the MODIS active fire and burnt area derived from MODIS Terra, Sentinel-2 MSI, and Sentinel-3A SLSTR.](sensors-19-05423-g003){#sensors-19-05423-f003}

![Comparison of the Sentinel-3A SLSTR-derived burnt area and the VIIRS active fire product.](sensors-19-05423-g004){#sensors-19-05423-f004}

![Enhancement of VIIRS-DNB and active fire spot delineation. VIIRS-DNB from 5 April. The seed point corresponds to VNP14IMGTDL_NRT for the same date: (**a**) Image before enhamcement, (**b**) Image after enhacement, (**c**) Delineated active spot using FMM.](sensors-19-05423-g005){#sensors-19-05423-f005}

![Enhanced VIIRS-DNB time series shows the progress of the fire rim inside the Indio Maiz Biological Reserve from 2 to 18 April 2018: (**a**) 2 April (**b**) 4 April, (**c**) 5 April, (**d**) 6 April, (**e**) 7 April, (**f**) 8 April, (**g)** 9 April, (**h**) 10 April, and (**i**) 15 April.](sensors-19-05423-g006){#sensors-19-05423-f006}

![Atmospheric penetration composite for (**a**) Sentinel-2 MSI and (**b**) Sentinel-3 SLSTR.](sensors-19-05423-g007){#sensors-19-05423-f007}

![Tracking of burn scar expansion using the Sentinel-3 SLSTR from 4 to 23 April 2018.](sensors-19-05423-g008){#sensors-19-05423-f008}

![Forest types affected by the fire event in the Indio Maiz Biosphere Reserve.](sensors-19-05423-g009){#sensors-19-05423-f009}

sensors-19-05423-t001_Table 1

###### 

Data availability and data quality for scenes available during the wildfire.

  Sensor/Date   3 April   4 April   5 April   6 April   7 April   8 April   9 April   10 April   11 April   12 April   13 April
  ------------- --------- --------- --------- --------- --------- --------- --------- ---------- ---------- ---------- ----------
  MODIS-Terra   abc       a         a         a         abc       a         abc       abc        abc        abc        abc
  S2-MSI        na        na        na        a         na        na        na        na         a          na         na
  S3-SLSTR      na        a         a         na        na        a         abc       na         abc        a          na

Available: a; Available but contaminated: abc; Not-available: na.

sensors-19-05423-t002_Table 2

###### 

Band ratios used for burnt area estimations.

  Index   Equation                                            Corresponding Bands     
  ------- --------------------------------------------------- ----------------------- -----------------------
  NDVI    $\frac{{NIR} - {Red}}{{NIR} + {Red}}$               8a (NIR); 4 (Red)       S3 (NIR); S2 (Red)
  NBR     $\frac{{NIR} - {{SWIR}\ }2}{{NIR} + {{SWIR}\ }2}$   8a (NIR); 12 (SWIR 2)   S3 (NIR); S6 (SWIR 2)
  NDWI    $\frac{{NIR} - {SWIR}}{{NIR} + {SWIR}}$             8a (NIR); 11(SWIR)      S3 (NIR); S5 (SWIR)

sensors-19-05423-t003_Table 3

###### 

Segmentation parameters.

  Data           Scale   Shape   Compactness
  -------------- ------- ------- -------------
  MODIS-Terrra   30      0.1     0.5
  S2-MSI         5       0.1     0.5
  S3-SLSTR       20      0.1     0.5

sensors-19-05423-t004_Table 4

###### 

Estimation of total accumulated burnt area.

  Data           Accumulated Burnt Area (ha)   Spatial Resolution (m)
  -------------- ----------------------------- ------------------------
  MODIS-Terrra   5033.7                        250
  S2-MSI         5187.3                        20
  S3-SLSTR       5870.7                        500
